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Abstract: Quercetin is a polyphenolic flavonoid. Common sources in the diet are apples, 
onions, berries, and red wine. Epidemiological studies have found an inverse relationship 
between dietary quercetin intake and cardiovascular disease. This has led to in vitro, 
in vivo, and clinical research to determine the mechanism by which quercetin exerts cardio- 
protective effects. Recent studies have found a reduction in blood pressure when 
hypertensive (>140 mm Hg systolic and >90 mm Hg diastolic) animals and humans are 
supplemented with quercetin. Proposed mechanisms for the antihypertensive effect of 
quercetin include decreased oxidative stress, inhibition of angiotensin converting enzyme 
activity, improved endothelial function, direct action on the vascular smooth muscle, 
and/or modulation in cell signaling and gene expression. Although in vitro and in vivo 
evidence exists to support and refute each possibility, it is likely that quercetin influences 
multiple targets via a combination of known and as yet undiscovered mechanisms. The 
purpose of this review is to examine the mechanisms whereby quercetin might reduce 
blood pressure in hypertensive individuals. 
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1. Introduction 

The American Heart Association estimates that 80 million Americans currently suffer from 
essential hypertension [1]. The pathogenesis and pathophysiology of hypertension is a complex 
heterogeneous disorder that can co-exist with other cardiovascular and metabolic abnormaUties. It is 
defined as systolic blood pressure consistently over 140 mm Hg and diastolic blood pressure over 
90 mm Hg and represents persistently elevated vascular resistance, yet hypertension is usually 
asymptomatic [1]. 

Blood pressure (BP) is controlled by neural and humoral mechanisms. Neural regulation is carried 
out by the autonomic nervous system whereas humoral regulation is performed by a variety of 
substances released by different cell types [2]. Hypertension is largely due to inappropriate humoral 
control [2] precipitated by increased oxidative stress, increased production of endothelin-1 (ET-1), 
decreased nitric oxide (NO) production and/or bioavailability, and/or over-stimulation of the renin- 
angiotensin system (RAS). Moreover, these changes have been associated cardiovascular disease 
(CVD) [2-8] and there is a positive and direct correlation between hypertension and risk for cardiac 
arrhythmia, cardiac hypertrophy, myocardial infarction, and heart failure [1,9]. 

Treatment of hypertension depends on the etiology of the disease and includes diet alterations, 
weight loss, exercise, and pharmacological interventions. Pharmacological therapies [e.g., angiotensin 
converting enzyme (ACE) inhibition, diuretics, and calcium channel blockers] that exist to treat 
hypertension are successful but may be associated with negative side effects such as persistent cough, 
dry throat, allergic reactions, dizziness, angioedema, and kidney failure [10]. Lifestyle interventions 
such as reduced sodium intake, the American Heart Association DASH (Dietary Interventions to Stop 
Hypertension) Diet, and increased physical activity are also known to lessen the severity of 
hypertension [1]. In addition to the aforementioned traditional therapies, dietary supplements, also 
known as nutraceuticals, are becoming increasingly popular in the treatment and prevention of 
hypertension. Increased supplement use, in general, to treat medical conditions may be due to an 
inability to maintain lifestyle changes as well as a desire to decrease use of pharmaceuticals; however, 
many supplements have unknown efficacy, safety, and mechanisms of action. Recently there has been 
an abundance of research examining dietary phytochemical supplements, such as quercetin, and their 
effect(s) on vascular health. The purpose of this review is to examine mechanisms by which 
supplemental quercetin reduces BP in hypertensive individuals. 

2. Quercetin 

Phytochemicals, or phytonutrients, are biologically active plant constituents that occur naturally to 
protect against insect invasion, disease, and infection. Phytochemicals also provide color, flavor, and 
aroma. Flavonoids are a specific class of phytochemicals which are divided into more than 10 different 
subclasses based on their molecular structure. The structure of the flavonoid also determines particular 
contributions to the health benefits associated with fruit and vegetable consumption [11]. Quercetin is 
a phytochemical belonging to the flavonoid family and is the most ubiquitous of the dietary 
flavonoids. Apples and onions are primary sources in the western diet; other foods containing 
quercetin include citrus fruits, berries, red grapes, red wine, broccoli, bark roots, flowers, and tea 
(Table 1). The average western diet supplies 15^0 mg of quercetin a day and higher dietary levels 
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(> 33 mg/day) have been associated with decreased risk of CVD [12-14]. Because of the high 
variability in flavonoid content of any given food due to soil, harvest, and storage conditions; 
quantifying dietary quercetin intake precisely is extremely difficult [15,16]. Quercetin is also available 
over the counter in the form of supplements that can contain up to 250-1,500 mg quercetin. These 
large doses are used to homeopathically "treat" a variety of ailments such as allergies, asthma, 
bacterial infections, arthritis, gout, eye disorders, hypertension, and neurodegenerative disorders. 
Because few controlled randomized trials have been performed, little data exist to provide a solid 
scientific basis for these treatment claims. 

Table 1. Amount of quercetin in selected foods, adapted from the USDA database [17]. 



Food 


Quercetin Content 


Capers 


233 mg/100 g 


Onions 


22.0 mg/100 g 


Cocoa powder 


20.0 mg/100 g 


Cranberries 


14.0 mg/100 g 


Lingonberries 


7.4 mg/100 g 


Apples 


4.57 mg/100 g 


Green tea 


2.69 mg/lOOg 


Black tea 


1.99mg/100g 


Catsup 


0.86 mg/100 g 



Bioavailability of Quercetin 

The bioavailability of quercetin depends on the absorption and metabolism of this flavonoid. 
Absorption is dependent upon the type ingested (e.g., quercetin aglycone or quercetin glycosides), the 
food matrix in which it is found, and individual differences in colon flora [15,16,18-24]. The chemical 
structure of pure quercetin is an un-conjugated aglycone (Figure 1). Quercetin glycosides 
(Figure 2) have a carbohydrate moiety and are more commonly found in foods [25] . Supplements are 
sold in both forms and studies indicate that both are readily bioavailable [18,19,22-24,26]. We have 
found that healthy males given a single dose of 1,095 mg quercetin aglycone show a significant 
increase, from baseline, in plasma quercetin and quercetin metabolite concentration after only 3 hours 
(0.37 + 0.04 |aM vs. 1.05 + 0.16 |aM P < 0.05). Additionally, we observed that plasma concentrations 
were maximal (2.33 + 0.72 \iM) 10 hours after ingestion, and returned to baseline within 24 hours 
(0.45 + 0.06 ^iM) (P < 0.05) [27]. 

Quercetin is absorbed in the small intestine and colon where it and its glycosides are conjugated 
with glucuronic acid in the intestinal epithelium. It is then bound to albumin and transported to the 
liver [11]. Very little free quercetin is found in circulation, and most appears in the blood in 
glucuronide form and as quercetin metabolites (isorhamnetin and kaempferol) [21]. Despite the 
potential physiological significance of quercetin in its metabolized form, much in vitro research has 
examined quercetin in a form that would not be present in vivo (see " Direct action on the VSM "). 
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Figure 1. Quercetin aglycone. 




Figure 2. Conjugated quercetin (rutin). 
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3. Quercetin: A Treatment for Hypertension? 

3.1. Effects of Quercetin on BP in Animals 

Our laboratory and others have reported that quercetin decreases BP and/or reduces the severity of 
hypertension in spontaneously hypertensive rats (SHR) [28,29], rats fed a high-fat high-sucrose diet 
[30], rats deficient in NO [31], rats infused with angiotensin [32], rats with aortic constriction [33], 
and Dahl salt sensitive rats [34]. Quercetin has also been shown to have in vitro vasodilator effects in 
isolated rat arteries [35,36]. While translating results observed in animals directly to humans should be 
done with caution, these studies nevertheless provide proof of principle that a quercetin-induced 
reduction in BP might be responsible for the reduction of CVD risk observed in humans with high 
quercetin diets. 

3.2. Effects of Quercetin on BP in Humans 

Epidemiological studies have found an inverse relationship with flavonoid intake and chronic 
disease [12-14]. Evidence from the Zutphen Elderly Study [13] suggests a strong cardio-protective 
effect of several flavonoids, including quercetin. In this study the risk of coronary death was 
reduced by as much as 68% in men who consumed >29 mg flavonols/day compared to men who 
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consumed <10 mg flavonols/day. While the specific association between quercetin intake and BP was 
not examined in this study, the authors did report an inverse relationship between high quercetin- 
containing foods and BP [13]. 

Supplementation of the diet with quercetin has been shown to reduce BP in hypertensive 
individuals. We conducted a randomized, double-blind, placebo-controlled crossover trial using stage 
1 hypertensive (n = 22) and prehypertensive (n = 19) participants to investigate the efficacy of 
quercetin supplements. Reductions (p < 0.01) in systolic (-7 + 2 mm Hg), diastolic (-5 + 2 mm Hg), 
and mean arterial BP (-5 + 2 mm Hg) were observed in stage 1 hypertensive men and women after 
supplementation with 730 mg quercetin/ day for 28 days vs. placebo treatment (Figure 3). Reductions 
of this magnitude are clinically relevant and associated with a 14% and 9% decrease in mortality from 
stroke and coronary heart disease, respectively [1]. In this study, quercetin did not evoke BP 
reductions in pre-hypertensive individuals (n = 19) (Figure 3) [37]. This latter finding agrees with 
other studies that report quercetin does not lower BP in pre-hypertensive or normotensive individuals 
or animal models [27,29,31,38]. The ability of quercetin to lower BP in hypertensive but not 
prehypertensive or normotensive models is not unique to this flavonoid. For example, the BP lowering 
effect of a diet rich in fruits and vegetables in hypertensive patients is well known; however, no 
reduction in BP is observed in normotensive subjects after a similar dietary intervention [39]. 

In contrast to the aforementioned studies, a recent study by Egert et ah, [40] found quercetin 
reduced BP in overweight and obese prehypertensive ( >120-139 mm Hg systolic and >80-89 mm Hg 
diastolic) individuals (N = 93); SBP was reduced by 2.9 + 9.5 mm Hg after 150 mg/day quercetin for 6 
weeks (P < 0.05). Discrepancies in the effect of quercetin on prehypertensives in the study by Egert 
et al. and our study, which reported no reduction in BP in prehypertensives, might result from the 
longer duration of supplementation (e.g., 42 d vs. 28 d) and / or the greater number of subjects 
(n = 93 vs. 19), respectively. With regard to the latter point, a larger sample size increases statistical 
power and thus the ability to detect smaller changes in BP. 

Figure 3. Reduction of BP from baseline in quercetin and placebo treated subjects. Data 
adapted from Edwards et al. [37]. 
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4. Potential Mechanisms for Blood Pressure Reduction 

Evidence exists to support several potential mechanisms whereby quercetin might reduce BP and 
decrease the severity of hypertension in animals and humans. For example, quercetin might reduce 
oxidative stress, interfere with the RAS, and /or improve endothelial and/or vascular function. 

4.1. Oxidative Stress 

In the past, the mechanism for quercetin-induced BP reduction in hypertensive animals and humans 
has been attributed to a reduction in oxidative stress. Animal studies that have observed reduced BP 
after quercetin supplementation have also shown improvements in oxidant status, such as reduction in 
plasma lipid peroxides [29-31] and urinary isoprostanes [29] when compared to untreated animals. It 
was hypothesized that improvement in oxidant status was the underlying mechanism behind improved 
vascular function observed in these studies [29-31]. 

In contrast, human investigations, have not clearly and consistently demonstrated an antioxidant 
effect of quercetin, even when using relatively high doses [19,26,37]. For example, Egert et al. [19], 
demonstrated that 2 weeks of quercetin supplementation in healthy, normotensive individuals did not 
affect plasma oxidized LDL, ferric reducing antioxidant potential (FRAP), or oxygen radical 
absorbance capacity (ORAC). Likewise, we have found similar results after 4 weeks of 730 mg/day 
quercetin supplementation in pre-hypertensive and stage 1 hypertensive individuals [37]. In our study 
we observed similar levels of plasma antioxidant capacity and urinary isoprostane concentration in the 
quercetin and placebo treatment, regardless of any change in blood pressure evoked by quercetin 
supplementation [37]. In contrast, a later study by Egert et al. [38] examined obese and overweight 
individuals with metabolic syndrome found reductions in BP accompanied by lower oxidized LDL 
after 6 weeks of daily quercetin supplementation when compared to baseline (p < 0.001) and placebo 
values (p < 0.05). However, there was no difference in plasma antioxidant capacity. 

While a great deal of evidence obtained from hypertensive animal models indicates that quercetin 
might be effective in lowering oxidant load, available data from humans is equivocal. In general, 
higher doses of quercetin have been evaluated in animals v*. humans, and this may lead to significant 
differences in the intracellular concentrations of quercetin, and subsequent antioxidant effects. For 
example, we have previously observed reductions in liver malondialdehyde levels in quercetin 
supplemented rats (150 mg quercetin/kg) [33], but no change plasma antioxidant power or urinary 
isoprostanes in quercetin supplemented humans (-8.1 mg quercetin/kg) [37]. In these studies we 
achieved plasma quercetin-metabolite levels 3.96 |ug/niL in rats, but only 0.48 lug/mL in humans. 
Therefore it is possible that the disparate effects on oxidative stress were due to the dramatic 
difference in tissue / cellular quercetin concentrations. Given the inconsistent evidence regarding 
quercetin' s antioxidant effects, it is possible that the BP lowering effect of quercetin may be due to 
other more dominant mechanisms. However, further investigation of the antioxidant capacity of 
quercetin and its metabolites in humans may elucidate whether or not a localized antioxidant effect 
(e.g., at the endothelium) may play a role in BP reduction. 
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4.2. Rennin-Angiotensin System 

The RAS (Figure 4) is involved in the regulation of BP and controls fluid loss. Long-term over- 
activation of the RAS is associated with hypertension and can have negative cardiovascular effects [9]. 
Interference with the RAS by pharmacological ACE inhibitors such as captopril and imidapril can 
reduce circulating angiotensin II, a potent vasoconstrictor, resulting in lower blood pressure and fewer 
cardiovascular events in high-risk populations [1,10]. Pharmacological inhibitors, such as captopril 
and imidapril, inactivate the ACE molecule via binding a zinc molecule at the active site and slow the 
conversion of angiotensin I to angiotensin II [5,41]. Some flavonoids are also known to bind metal 
ions, such as zinc. Quercetin is particularly known for this property [36] and there is evidence that 
quercetin may inhibit ACE activity via this mechanism [42]. 

Figure 4. The renin-angiotensin system (RAS). 
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The hypothesis that quercetin might reduce BP via ACE inhibition/attenuation has been tested in 
animal models. Hackle et al. [32] examined the acute effects of oral and intravenous (IV) quercetin 
and captopril administration on the BP responses to bradykinin and angiotensin 1 infusion in 
normotensive Wistar rats. Bradykinin-evoked hypotension was potentiated by captopril and quercetin 
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but not placebo treatment. Moreover, angiotensin 1 -induced hypertension was blunted by captopril and 
quercetin but not placebo treatment (p < 0.05). In this study authors reported a 31% decrease in ACE 
activity after quercetin treatment vs. baseline [32], suggesting that quercetin acted as an ACE inhibitor. 
While this is a significant finding, it is difficult to determine the relative "strength" of quercetin' s ACE 
inhibitory effect since there was no direct comparison made against captopril evoked ACE inhibition 
in this study. 

Mackraj et al. [34] also compared the antihypertensive effects of captopril to quercetin using Dahl 
salt sensitive rats which were separated into three groups and injected daily for 4 weeks with captopril, 
quercetin, or placebo. BP decreased similarly in captopril and quercetin treated groups and increased 
in the untreated control group (p < 0.05). Captopril and quercetin treated groups also showed down- 
regulation of the ATI receptor in the kidney when compared to the untreated group (p < 0.05) [34]. 
Taken together, these data indicate that chronic quercetin supplementation might reduce BP in a salt 
sensitive model of hypertension through modulation of renal function and ATI receptor transcription. 
However, because ACE activity was not assessed in this study it is unclear whether quercetin acted as 
an ACE inhibitor as well. The mechanism for BP reduction is likely to have been a result of down- 
regulation of ATI a expression in the kidney. While this mechanism may explain the hypotensive 
effect of chronic quercetin supplementation, it is unlikely to explain the acute reductions in BP seen by 
Hackle et al. 

Given the evidence in animals that indicates quercetin may act as an ACE inhibitor and can reduce 
ATla expression, it is possible that similar mechanisms might be responsible for reductions in BP 
observed in human studies. However, no published research exists regarding either possibility. In light 
of the proven efficacy of pharmacological ACE inhibitors in humans, there is a need to conduct 
clinical trials to determine whether quercetin-induced decreases in ACE activity might be responsible 
for the BP lowering effects this flavonoid exerts in hypertensive humans. 

4.3. Vascular Function 

Endothelial cells line the walls of the arterioles and play a very important role in maintaining 
vascular homeostasis, vascular tone, cardiovascular and microvascular health. Endothelial dysfunction 
is a critical event in the pathogenesis of CVD and an independent predictor of cardiovascular events 
[43]. It is a common feature in all forms of CVD, including hypertension [43,44]. The endothelium 
releases a variety of vasoactive substances such as nitric oxide (NO) and endothelin-1 (ET-1), which 
serve, in part, to regulate BP and blood flow [2,4,43,45,46]. A common feature of endothelial 
dysfunction is diminished bioavailability of the vasodilator NO which results in less endogenous 
opposition to circulating vasoconstrictors such as ET-1 [4]. NO and ET-1 appear to have a reciprocal 
regulation; as NO bioavailability decreases there is enhanced synthesis of ET-1 [4]. Endothelial 
dysfunction is reversible and interventions that reduce risk for CVD, such as exercise and 
pharmaceuticals, can also improve endothelial function [4]. For this reason, it has become a surrogate 
biomarker and endpoint for determining efficacy of CVD interventions [4,47]. 

Endothelium-dependent vasorelaxation and proper endothelial function is largely dependent on the 
production and bioavailability of NO. Due to its short half-life NO is very difficult to assess in vivo. 
Indirect measurements of NO, such as flow mediated dilation (FMD) and concentration of NO 
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metabolites (nitrites and nitrates) can be used to estimate endogenous production [26,30]. FMD in the 
peripheral circulation is primarily mediated by endothelium-derived NO in response to increased flow 
and shear stress, and results in smooth muscle relaxation and arterial dilation [4,46]. 

Previous studies using animal models have shown that quercetin induced reductions in BP 
are accompanied by improvements in endothelial function and biomarkers of endothelial 
function [29-31,36]. For example, Duarte et al. [29] found that quercetin reduced BP in SHR, and 
improved endothelium-dependent vasorelaxation of isolated aorta. In another study, Duarte et al [31] 
administered the NO synthase (NOS) inhibitor, L-NAME, to the drinking water of rats causing them to 
become hypertensive. Rats treated with quercetin exhibited less severe L-NAME-induced hypertension 
and endothelium-dependent dysfunction of arteries. Similarly, Yamamoto et al. [30] used a dietary 
model of hypertension (high-fat, high-sucrose diet for 4-weeks), and reported that systemic 
hypertension, reduced aortic NOS activity, and decreased urinary NO metabolites were ameliorated in 
rats that concurrently consumed quercetin. Taken together these studies indicate that quercetin can 
improve endothelial function via increasing NO bioavailability and/or NO production, and that these 
improvements may be responsible for reduction of BP. 

A recent study by Loke et al. [26], conducted in humans, reported that quercetin has the potential to 
improve the balance between circulating ET-1 and NO. Healthy, normotensive males were given a 
single 200 mg dose of quercetin or placebo; after 2 hours, plasma ET-1 was lower and after 5 h urinary 
metabolites of NO were higher in quercetin v*. placebo treatment. There were no changes in 
measurements of oxidative stress. While BP was not measured in this study, these data provide proof 
of principle that quercetin has potential to beneficially alter endothelial function and vascular tone. 

FMD in humans has been examined after the chronic and acute consumption of foods and 
beverages very high in flavonoids. In a placebo-controlled, crossover study, using participants with 
coronary artery disease (n = 50), Vita et al. [47] found acute and chronic tea consumption improved 
FMD, without an effect on nitroglycerin-mediated dilation, compared to placebo (P < 0.05). Because 
FMD was not influenced by an acute dose of caffeine, improvements were not secondary to this 
component of tea. No markers of oxidative stress were altered, suggesting that improvements were not 
due to an antioxidant effect [47]. Since BP was not assessed in this study it is unclear whether FMD 
improvements resulted in beneficial hemodynamic alterations. Given that tea contains an assortment of 
polyphenolic compounds, including quercetin, it is difficult to ascertain if the improvement in 
endothelial function was due to a single dominant ingredient, such as quercetin, or due to the 
synergistic action of combined polyphenolic compounds. These findings are similar to other studies 
that have examined the benefits of flavonoid-rich foods on endothelial function [25]. Although 
quercetin is an abundant flavonoid and present in the foods and beverages examined in the previous 
studies, changes in FMD solely as a result of acute or chronic quercetin administration have not yet 
been assessed. Likewise, it is unknown whether quercetin-induced improvements in endothelial 
function — should they occur — will result in a reduction of BP in humans. 

There is also evidence that supports a role for quercetin to alter gene expression [3,34,48-50]. 
Nicholson et al. [48] investigated the effects of quercetin on gene expression in human umbilical vein 
endothelial cells (HUVEC) and found quercetin down-regulated ET-1 expression significantly. Zhao 
et al. [50] also found a dose-dependent decrease in ET-1 release after ex vivo administration of 
quercetin in HUVEC. These findings provide support for the hypothesis that quercetin might reduce 
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ET-1 and thereby improve vascular function by altering the balance between circulating constrictor 
and dilator substances. Additional research is needed to confirm that these findings translate to humans 
in vivo. 

4.4. Direct Action on the Vascular Smooth Muscle 

There is also evidence that quercetin may reduce BP through mechanisms independent of the 
endothelium. For example, quercetin has been shown to evoke vasorelaxation in endothelial-denuded 
vessels, suggesting that this flavonoid can act directly on the vascular smooth muscle 
(VSM) [35,36,51]. In addition to the parent flavonoid, metabolites of quercetin also might act directly 
on VSM. Perez- Vizcaino et al. [35] reported quercetin and isorhamnetin (quercetin metabolite) 
induced vasorelaxation of rat aortic rings similarly regardless of whether the endothelial layer of 
vessels was intact or denuded. Likewise, Rendig et al. [51] found that the enhanced vasorelaxation in 
resistance and conductance rabbit vessels after quercetin treatment was independent of the presence of 
the endothelium. It should be noted that since these studies used normotensive animals and did not 
assess BP, a comparison against previously mentioned findings is difficult. How quercetin acts on the 
VSM is not clear, but it has been speculated that vasodilation may result from inhibition of protein 

2+ 

kinases involved in the Ca sensitizing mechanisms responsible for smooth muscle contraction [35]. 
The effect of quercetin on the VSM of humans is unclear. FMD studies indicate that foods high in 
quercetin improve endothelium-dependent vasodilation but do not effect endothelium-independent 
dilation [47]; however, this has yet to be examined in trials involving quercetin supplementation. 

5. Safety of Quercetin 

Quercetin is believed to be antimutagenic in vivo and long-term studies have found that quercetin is 
not carcinogenic [52]. Very few negative side effects have been noted with short-term (<3 months), 
high intakes of quercetin [19,37,38], but there have been reports of nausea, headache, and tingling of 
the extremities with chronic quercetin supplementation of 1,000 mg/day (as reviewed by Harwood 
et al. [52]). Our studies to date with humans, including research in progress, have not found any 
adverse side effects with chronic doses of 730 mg/day for 28 days, or an acute dose of 1,095 mg 
quercetin aglycone in humans [37]. Quercetin is also an inhibitor of CYP3A4, an enzyme that breaks 
down many commonly prescribed drugs in the body; therefore, quercetin should not be taken with 
drugs that depend on this enzyme for metabolism. Since many flavonoids have been found to inhibit 
platelet aggregation (via inhibition of thromboxane A2) [3,47], it is also possible that pharmacological 
doses of quercetin could increase risk of bleeding when taken with anticoagulant drugs. 

6. Conclusions 

Despite the uncertainty of quercetin' s mechanism of action of BP reduction in humans, it holds 
promise for the treatment of hypertension and promoting cardiovascular health. In vitro and in vivo 
research in animal models has shown multiple mechanisms of action that could produce the BP 
lowering effect seen in hypertensive humans. In conjunction with identifying primary mechanisms, 
more controlled randomized human research studies are needed to confirm quercetin' s efficacy. 
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magnitude of effect, and optimal dosing schedule. Furthermore, it needs to be determined if quercetin 
is an effective treatment for all forms of hypertension regardless of pathological origin. Studies 
including different ethnicities and women are still scarce and long-term studies examining the safety of 
quercetin supplementation need to be conducted before recommending this flavonoid as a treatment 
option for the public. 

References 

1. Chobanian, A.V.; Bakris, G.L.; Black, H.R.; Cushman, W.C.; Green, L.A.; Izzo, J.L.; Jones, 
D.W.; Materson, B.J.; Oparil, S.; Wright, J.T.; Roccella, E.J. Seventh report of the Joint National 
Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 
Hypertension 2003, 42, 1206-1252. 

2. Zago, A.S.; Zanesco, A. Nitric oxide, cardiovascular disease and physical exercise. Arq. Bras. 
Cardiol. 2006, 87, 264-270. 

3. Perez- Vizcaino, F.; Duarte, J.; Andriantsitohaina, R. Endothelial function and cardiovascular 
disease: Effects of quercetin and wine polyphenols. Free Radic. Res. 2006, 40, 1054-1065. 

4. Bohm, F.; Pemow, J. The importance of endothelin-1 for vascular dysfunction in cardiovascular 
disease. Cardiovasc. Res. 2007, 76, 8-18. 

5. Carretero, O.A. Novel mechanism of action of ACE and its inhibitors. Am. J. Physiol. Heart Circ. 
Physiol. 2005, 289, 796-1797. 

6. Parissis, J.T.; Korovesis, S.; Giazitzoglou, E.; Kalivas, P.; Katritsis, D. Plasma profiles of 
peripheral monocyte-related inflammatory markers in patients with arterial hypertension. 
Correlations with plasma endothelin-1. Int. J. Cardiol. 2002, 83, 13-21. 

7. linger, T.; Jakobsen, A.; Heroys, J.; Ralph, A.; Rees, T.; Shaw, M. Targeting cardiovascular 
protection: The concept of dual renin-angiotensin system control. Medscape J. Med. 2008, 10, 4. 

8. Ziai, S.A.; Seyedhosseini, D.; Taiebi, L.; Salekmoghadam, E.; Mahmoudian, M. Correlation 
between ACE activity and mean blood pressure in Iranian normotensive subjects after oral 
administration of a single dose of enalapril. Acta Physiol. Hung 2000, 87, 153-159. 

9. Vikrant, S.; Tiwari, S.C. Essential hypertension - Pathogenesis and pathophysiology. /. Indian 
Acad. Clin. Med. 2001, 2, 141-161. 

10. Sica, D.A. Angiotensin-converting enzyme inhibitor use in the year 2005. J. Clin. Hypertens. 
(Greenwich) 2005, 7, 8-11. 

11. Nij veldt, R.J.; van Nood, E.; van Hoom, D.E.; Boelens, P.G.; van Norren, K.; van Leeuwen, P. A. 
Flavonoids: A review of probable mechanisms of action and potential applications. Am. J. Clin. 
Nutr. 2001, 74, 418^25. 

12. Geleijnse, J.M.; Launer, L.J.; Van der Kuip, D.A.; Hofman, A.; Witteman, J.C. Inverse 
association of tea and flavonoid intakes with incident myocardial infarction: The Rotterdam 
Study. Am. J. Clin. Nutr. 2002, 75, 880-886. 

13. Hertog, M.G.; Feskens, E.J.; HoUman, P.C.; Katan, M.B.; Kromhout, D. Dietary antioxidant 
flavonoids and risk of coronary heart disease: The Zutphen Elderly Study. Lancet 1993, 342, 
1007-1011. 



Pharmaceuticals 2010, 3 



248 



14. Knekt, P.; Kumpulainen, J.; Jarvinen, R.; Rissanen, H.; Heliovaara, M.; Reunanen, A.; Hakulinen, 
T.; Aromaa, A. Flavonoid intake and risk of chronic diseases. Am. J. Clin. Nutr. 2002, 76, 
560-568. 

15. Manach, C; Williamson, G.; Morand, C; Scalbert, A.; Remesy, C. Bioavailability and 
bioefficacy of polyphenols in humans. I. Review of 97 bioavailability studies. Am. J. Clin. Nutr. 
2005, 81, 1'iQ-lAl. 

16. Scalbert, A.; Williamson, G. Dietary intake and bioavailability of polyphenols. /. Nutr. 2000, 130, 
2073-2085. 

17. Agriculture, USDA. USDA database for the flavonoid content of selected foods. In USDA; 
Beltsville, 2003. http://www.nal.usda.gov/fnic/foodcomp/Data/Flav/flav.pdf/, accessed 15 
October 2008. 

18. Chen, X.; Yin, O.Q.; Zuo, Z.; Chow, M.S. Pharmacokinetics and modeling of quercetin and 
metabolites. Pharm. Res. 2005, 22, 892-901. 

19. Egert, S.; Wolffram, S.; Bosy-Westphal, A.; Boesch-Saadatmandi, C; Wagner, A.E.; Frank, J.; 
Rimbach, G.; Mueller, M.J. Daily quercetin supplementation dose-dependently increases plasma 
quercetin concentrations in healthy humans. /. Nutr. 2008, 138, 1615-1621. 

20. Erlund, L; Kosonen, T.; Alfthan, G.; Maenpaa, J.; Perttunen, K.; Kenraali, J.; Parantainen, J.; Aro, 
A. Pharmacokinetics of quercetin from quercetin aglycone and rutin in healthy volunteers. Eur. J. 
Clin. Pharmacol. 2000, 56, 545-553. 

21. HoUman, P.C.; vd Gaag, M.; Mengelers, M.J.; van Trijp, J.M.; de Vries, J.H.; Katan, M.B., 
Absorption and disposition kinetics of the dietary antioxidant quercetin in man. Free Radic. Biol. 
Med. 1996, 21, IQ'i-lQl. 

11. Lesser, S.; Cermak, R.; Wolffram, S. Bioavailability of quercetin in pigs is influenced by the 
dietary fat content. /. Nutr. 2004, 134, 1508-1511. 

23. Moon, Y.J.; Wang, L.; DiCenzo, R.; Morris, M.E. Quercetin pharmacokinetics in humans. 
Biopharm. Drug Dispos. 2008, 29, 205-217. 

24. Wiczkowski, W.; Romaszko, J.; Bucinski, A.; Szawara-Nowak, D.; Honke, J.; Zielinski, H.; 
Piskula, M.K. Quercetin from shallots (Allium cepa L. var. aggregatum) is more bioavailable than 
its glucosides. /. Nutr. 2008, 138, 885-888. 

25. Hooper, L.; Kroon, P.A.; Rimm, E.B.; Cohn, J.S.; Harvey, L; Le Comu, K.A.; Ryder, J.J.; Hall, 
W.L.; Cassidy,A. Flavonoids, flavonoid-rich foods, and cardiovascular risk: A meta-analysis of 
randomized controlled trials. Am. J. Clin. Nutr. 2008, 88, 38-50. 

26. Loke, W.M.; Hodgson, J.M.; Proudfoot, J.M.; McKinley, A.J.; Puddey, LB.; Croft, K.D. Pure 
dietary flavonoids quercetin and (-)-epicatechin augment nitric oxide products and reduce 
endothelin-1 acutely in healthy men. Am. J. Clin. Nutr. 2008, 88, 1018-1025. 

27. Larson, A.; Bruno, R.; Guo, Y.; Gale, D.; Tanner, L; Jalili, T.; Symons, J. Acute Quercetin 
Supplementation Does Not Lower Blood Pressure or Ace Activity in Normotensive Males. J. Am. 
Diet. Assoc. 2009, 109, 16. 

28. Carlstrom, J.; Symons, J.D.; Wu, T.C.; Bruno, R.S.; Litwin, S.E.; Jalili, T. A quercetin 
supplemented diet does not prevent cardiovascular complications in spontaneously hypertensive 
rats. /. Nutr. 2007, 137, 628-633. 



Pharmaceuticals 2010, 3 



249 



29. Duarte, J.; Perez-Palencia, R.; Vargas, F.; Ocete, M.A.; Perez- Vizcaino, F.; Zarzuelo, A.; 
Tamargo, J. Antihypertensive effects of the flavonoid quercetin in spontaneously hypertensive 
rats. Br. J. Pharmacol. 2001, 133, 117-124. 

30. Yamamoto, Y.; Oue, E. Antihypertensive effect of quercetin in rats fed with a high-fat high- 
sucrose diet. Biosci. Biotechnol. Biochem. 2006, 70, 933-939. 

31. Duarte, J.; Jimenez, R.; O'Valle, F.; Galisteo, M.; Perez-Palencia, R.; Vargas, F.; Perez- Vizcaino, 
F.; Zarzuelo, A.; Tamargo, J. Protective effects of the flavonoid quercetin in chronic nitric oxide 
deficient rats. J. Hypertens. 2002, 20, 1843-1854. 

32. Hackl, L.P.; Cuttle, G.; Dovichi, S.S.; Lima-Landman, M.T.; Nicolau, M. Inhibition of 
angiotesin-converting enzyme by quercetin alters the vascular response to brandykinin and 
angiotensin 1. Pharmacology 2002, 65, 182-186. 

33. Jalili, T.; Carlstrom, J.; Kim, S.; Freeman, D.; Jin, H.; Wu, T.C.; Litwin, S.E.; David Symons, J. 
Quercetin- supplemented diets lower blood pressure and attenuate cardiac hypertrophy in rats with 
aortic constriction. J. Cardiovasc. Pharmacol. 2006, 47, 531-541. 

34. Mackraj, I.; Go vender, T.; Ramesar, S. The antihypertensive effects of quercetin in a salt- 
sensitive model of hypertension. J. Cardiovasc. Pharmacol. 2008, 51, 239-245. 

35. Perez- Vizcaino, F.; Ibarra, M.; CogoUudo, A. L.; Duarte, J.; Zaragoza-Arnaez, F.; Moreno, L.; 
Lopez-Lopez, G.; Tamargo, J. Endothelium- independent vasodilator effects of the flavonoid 
quercetin and its methylated metabolites in rat conductance and resistance arteries. J. Pharmacol. 
Exp. Ther. 2002, 302, 66-72. 

36. Chen, C.K.; Pace-Asciak, C.R. Vasorelaxing activity of resveratrol and quercetin in isolated rat 
aorta. Gen. Pharmacol. 1996, 27, 363-366. 

37. Edwards, R.L.; Lyon, T.; Litwin, S.E.; Rabovsky, A.; Symons, J.D.; Jalili, T. Quercetin reduces 
blood pressure in hypertensive subjects. J. Nutr. 2007, 137, 2405-2411. 

38. Conquer, J.A.; Maiani, G.; Azzini, E.; Raguzzini, A.; Holub, B.J. Supplementation with quercetin 
markedly increases plasma quercetin concentration without effect on selected risk factors for heart 
disease in healthy subjects. /. Nutr. 1998, 128, 593-597. 

39. Appel, L.J.; Moore, T.J.; Obarzanek, E.; VoUmer, W.M.; Svetkey, L.P.; Sacks, F.M.; Bray, G.A.; 
Vogt, T.M.; Cutler, J.A.; Windhauser, M.M.; Lin, P.H.; Karanja, N. A clinical trial of the effects 
of dietary patterns on blood pressure. DASH Collaborative Research Group. A^. Engl. J. Med. 
1997, 336, 1117-1124. 

40. Egert, S.; Bosy-Westphal, A.; Seiberl, J.; Kurbitz, C; Settler, U.; Plachta-Danielzik, S.; Wagner, 
A.E.; Frank, J.; Schrezenmeir, J.; Rimbach, G.; Wolffram, S.; MuUer, M.J. Quercetin reduces 
systolic blood pressure and plasma oxidised low-density lipoprotein concentrations in overweight 
subjects with a high-cardiovascular disease risk phenotype: A double -blinded, placebo-controlled 
cross-over study. Br. J. Nutr. 2009, 102, 1-10. 

41. Wyld, P.J.; Grant, J.; Lippi, A.; Criscuoli, M.; Del Re, G.; Subissi, A. Pharmacokinetics and 
biochemical efficacy of idrapril calcium, a novel ACE inhibitor, after multiple oral administration 
in humans. Br. J. Clin. Pharmacol. 1994, 38, 421^25. 

42. Loizzo, M.R.; Said, A.; Tundis, R.; Rashed, K.; Statti, G.A.; Hufner, A.; Menichini, F. Inhibition 
of angiotensin converting enzyme (ACE) by flavonoids isolated from Ailanthus excelsa (Roxb) 
(Simaroubaceae). Phytother. Res. 2007, 21, 32-36. 



Pharmaceuticals 2010, 3 



250 



43. Sainani, G.S.; Maru, V.G. Role of endothelial cell dysfunction in essential hypertension. J. Assoc. 
Physicians India 2004, 52, 966-969. 

44. Perticone, F.; Ceravolo, R.; Pujia, A.; Ventura, G.; lacopino, S.; Scozzafava, A.; Ferraro, A.; 
Chello, M.; Mastroroberto, P.; Verdecchia, P.; Schillaci, G. Prognostic significance of endothelial 
dysfunction in hypertensive patients. Circulation 2001, 104, 191-196. 

45. Endemann, D.H.; Schiffrin, E.L. Endothelial dysfunction. J. Am. Soc. Nephrol. 2004, 15, 
1983-1992. 

46. Moens, A.L.; Goovaerts, I.; Claeys, M.J.; Vrints, C.J. Flow-mediated vasodilation: A diagnostic 
instrument, or an experimental tool? Chest 2005, 127, 2254-2263. 

47. Vita, J.A. Polyphenols and cardiovascular disease: Effects on endothelial and platelet function. 

Am. J. Clin. Nutr. 2005, 81, 292-297. 

48. Nicholson, S.K.; Tucker, G.A.; Brameld, J.M. Effects of dietary polyphenols on gene expression 
in human vascular endothelial cells. Proc. Nutr. Soc. 2008, 67, 42-47. 

49. Sanchez, M.; Galisteo, M.; Vera, R.; Villar, I.C.; Zarzuelo, A.; Tamargo, J.; Perez-Vizcaino, F.; 
Duarte, J. Quercetin downregulates NADPH oxidase, increases eNOS activity and prevents 
endothelial dysfunction in spontaneously hypertensive rats. J. Hypertens. 2006, 24, 75-84. 

50. Zhao, X.Y.; Gu, Z.L. Effects of quercetin on production and release of endothelin and cGMP 
from cultured endothelial cells. Zhongguo Yao Li Xue Bao 1996, 17, 442-444. 

51. Rendig, S.V.; Symons, J.D.; Longhurst, J.C.; Amsterdam, E.A. Effects of red wine, alcohol, and 
quercetin on coronary resistance and conductance arteries. /. Cardiovasc. Pharmacol. 2001, 38, 
219-227. 

52. Harwood M.; Danielewska-Nikiel B.; Borzellaca J.F.; Flamm G.W.; Williams G.M.; Lines T.C. A 

Critical review of the data related to the safety of quercetin and lack of evidence of in vivo 
toxicity, including lack of genotoxic/carcinogenic properties. Food Chem. Toxicol. 2007, 45, 
2178-2205. 



© 2010 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland. 
This article is an open-access article distributed under the terms and conditions of the Creative 
Commons Attribution license (http://creativecommons.Org/licenses/by/3.0/). 



